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Non-Uniform Substrate Doping Corrections 
' 
to Interface State Density Measurements 
on Metal-Oxide-Semiconductor Capacitors 
• 
by 
Albert J. Fixl 
Abstract 
A method for determining the doping profile of ~OS capacitors from t
he I 
MHz and quasi-static C-V data has been detailed which includes correcti
ons for 
both the interface state. density and the interface proximity effec
ts due to 
majority carriers at the Si-Si02 boundary. This calculation has been applied to 
the C-V data from a MOSC that · has been subjected to an avalanche and 
Fowler-Nordheim charge injection sequence. The resulting profiles indicate that 
there is · a non-uniform modification of the electrically active boron
 acceptor 
population within the maximum depletion width of the silicon substrat
e. These 
doping profiles show an increase in doping near the interface which t
hen drops 
below the original concentration and returns to the original ·pre-injection levels 
near the maximum depletion width. Interface state densities obtained
 for these 
curves using the low-frequency and high-frequency _C-V methods were 
compared 
to those using the combined high-low frequency C-V method. ·to monito
r the 
effects of non-uniform doping on D1,(E) calculations •. 
.. 
' ' 
-. 
Chapter 1 
Introduction 
1.1 Solid State Research and MOS Capacitors 
1 INTRODUCTION 
One of the most widely used devices in today's microelectronic industry is 
the metal-oxide-semiconductor field-effect transistor (MOSFET). Almost all 
digital integrated circuits today are fundamentally combinations of various types 
of MOSFETs. This structure is produced by selectively growing or depositing 
oxides, silicides, and metal layers over a semiconductor substrate that has been 
selectively doped. A cross-section of a representative device (enhancement n-
channel MOSFET) is shown in Figure 1-1. 
In this configuration the conductivity of the channel connecting the source 
and drain terminals is controlled by modulating the voltage applied to the gate. 
A positive gate voltage greater than a certain threshold value (V,) will draw 
electrons to the silicon-silicon dioxide interface to form an inversion region (now 
n-type) in the silicon which electrically connects the source and drain. This 
value of Vt which determines whether the device is on (conducting) or off is a 
major design criterion and is affected by the insulating gate oxide (silicon 
dioxide) and the silicon substrate below. In order to simplify the study of 
phenomena in this region, the source and drain may be omited, thereby reducing 
a four-terminal, two dimensional transistor analysis to a one-dimensional, two-
terminal MOS capacitor · (MOSC) as indicated in Figure 1-1. In addition to 
being easier to fabricate than the MOSFET (see Section 4.1.1.), the MOSC has 
the advantage of isolating a key area of the transistor so that careful analysis 
of the oxide and oxide-silicon interactions affecting device operations can be 
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1.1 SOLID STATE RESEARCH AND MOS CAPACITORS 
performed. For this reason the MOS ·capacitor has been a major experimental 
\l structure for many years. The capacitors used in this thesis are evaporated 
aluminum gates over thermally grown silicon-dioxide on boron-doped, silicon, 
<100> substrates. 
1.2 Interface Trap Density Measurements 
The most critical stage in the production of an MOS device is the 
formation of the gate insulator. This dielectric must withstand high electric 
fields and have a high insulation resistance; its physical properties must match 
those of the semiconductor; it must have low charge density, be impervious to 
charged species and dopant atoms and must passify the semiconductor surface. 
Silicon dioxide on silicon meets almost all these requirements. 1 
Even though silicon dioxide may be grown with a very high degree of 
purity, the material does support a number of electrically active defects. IT 
during device operation these defects become charged, the device electrical 
characteristics can distort leading to unreliable operation or device failure in 
extreme instances. Those defects introduced during fabrication may be dealt 
with empirically once the fabrication process has been stabilized, but defects 
developed .as a result of device operation are more difficult to handle. 
The charge build-up mechanisms can be divided into bulk-oxide effects and 
interface or surface effects. With the reduction in device geometries used for 
VLSI processes, including a reduction in oxide thickness (down to 10-100 nm), 
the interfacial region (3-5 nm) and associated defects have become increasingly 
significant. Defects in this area which trap charge are refered to as Interface 
Traps (Nit or Dit,) and are the p:rimary oxide defect dealt with in this thesis. 
The capacitance of the MOSC varies with voltage due to the electric field 
" 
J ' 
r·· 4 
1.2 INTERFACE TRAP DENSITY MEASUREMENTS 
effects on the silicon and will be discussed in Chapter 2. This effect, as 
monitored by capacitance versus voltage ( C-V) curves, can yield information 
about the interface traps as well as bulk defects and substrate doping levels 
(discussed in Chapter 3). Interface trapped charge is known to distort C-V 
characteristics in two distinct ways: ( 1) by increasing the measured capacitance 
at low frequencies and (2) by "stretching out" the curve along the voltage axis. 
These effects may be quantized to yield charge densities by comparing the 
experimental data with calculated theoretical capacitance curves or by comparing 
C-V curves taken using different experimental procedures (quasi-static or low 
frequency and high frequency, discussed in Chapter 2). Since the same interface 
charge can be measured by analyzing two different C-V distortions, a 
comparison of those profiles provides a measure of internal consistency and 
increases confidence in the results. If the data and analysis techniques are valid 
all methods should produce the same interface trap charge density profiles. If 
there are any fluctuations in the doping density of the semiconductor near the 
silicon-silicon dioxide interface the experimental to theoretical 
• 
comparison 
technique would require an appropriate characteristic to reflect this. In this 
thesis I will describe a method to determine the doping profile of the device and 
subsequently produce an "ideal" curve which takes into account any deviations 
in the doping 7ensity of the substrate. 
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1.3 HOT ELECTRON MEASUREMENTS 
1.3 Hot Electron Measurements 
Very large scale integration (VLSI) incorporates MOSFETs with very short 
channel lengths. For n-channel MOS devices normally found in VLSI circuits 
extremely energetic or "hot" electrons are emitted from the silicon into the gate 
' . 
oxide when voltages are sufficiently large. Hot electrons can originate from 
either the surface channel or the silicon substrate. Subsequent trapping of the 
electrons injected into the oxide can cause instability in the form of 
transconductance degradation and threshold voltage drift with time. 2 
, 
These hot carrier effects can be studied in MOS capacitors using the 
Avalanche Injection (Al) or Fowler-Nordheim (FN) Injection techniques. In 
Avalanche Injection an AC voltage large enough to generate an avalanche break-
down field in the substrate ( > 0.3 MV /cm, depending on doping) accelerates 
carriers from the silicon· toward the oxide.3• 4 FN Injection uses much higher 
DC fields ( > 5 MV /cm) to induce carriers to tunnel into the oxide.5• fi 
Experimental procedures for performing Al and FN Injection can be fqund 
in the Ph.D. dissertations of H. Chew7 and R. Gale.8 These studies, which 
analyze the effects on MOSCs of these injection techniques, have shown that hot 
carrier effects may cause an alteration in the substrate acceptor concentration of 
boron doped samples. This boron acceptor deactivation has been attributed to 
hydrogen, released by hot electrons (or holes) from the aluminum gate or silicon 
bulk, combining with substrate boron to produce electrically neutral B·ff+ pairs.9 
Neither R. Gale nor H. Chew determined if -this effect was uniform throughout 
the affected silicon region. Instead, the effective doping density, as calculated 
from the minimum high frequency capacitance (see Section 3.3) was used. This 
approximation may lead to errors in calculating interface trap densities (Dit) 
J • 
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1.3 HOT ELECTRON MEASUREMENTS 
when using ideal C-V data for comparison and does not adequately monitor the 
effects of the released hydrogen on substrate doping. In this thesis I will use 
some of Hongzong Chew's AI and FN injected MOSC data to determine the 
effects of an injection sequence on both doping and D1, profiles (Section 4.2). 
,' ~ .. 
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' .~ 
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2 MOS CAPACITORS AND CAPACITANCE-VOL
TAGE CURVES 
Chapter 2 
MOS Capacitors and Capacitance-Volta
ge 
Curves 
This chapter introduces the steady-state 
characteristics of the MOS 
capacitor. Here steady-state means that t
he macroscopic parameters of the 
system are either time independent or var
y sinusoidally in time with time 
independent amplitudes. The basic relation
ship relating electric charge to 
voltage and capacitance (Q = C-V) suggest that C-V 
curves may contain 
information about oxide defects which trap ch
arge. 
Two capacitances can be defined for the MO
SC. The static capacitance is 
C,tatic = QT/VG and the differential capacitance is C =
 dQT/ dV G where QT is 
the total charge density on the capacitor an
d VG is the bias applied across it. 
Because charge on an MOS capacitor can v
ary nonlinearly with volt.age, these 
two capacitances will be different. Of the 
two, the differential capacitance is 
most important in MOSC measurements b
ecause small-signal measurements 
determine the rate of change in charge with
 voltage. The term capacitance is 
used throughout this thesis to mean differenti
al capacitance. 
To measure capacitance as a function of gat
e bias in steady-state, a small 
AC voltage is superimposed on the gate bi
as. The amplitude of this small-
. 
signal voltage must be in the range of appli
ed signal amplitude which produces 
a linear AC current in response to an 
AC voltage. Interface traps and 
interfacial charge non-uniformities influence 
the small-signal range because they 
alter how rapidly the admittance of the MOS
 capacitor varies. with gate bias.
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2.1 MOS CAPACITORS AT LOW FREQUENCIES 
2.1 MOS Capacitors at Low Frequencies 
A C-V curve can be considered to be a low frequency curve when th
e 
system is in thermal equilibrium during measurement. That is, both m
inority 
carriers and interface traps respond to, or follow, both the AC gate voltag
e and 
changes in gate bias. Frequencies of 1 Hz or below are adequate for
 measuring 
a low frequency C-V curve.11 
2.1.1 Accumulation 
If a large negative voltage is applied to the gate of a p-type MOSC, 
holes 
from the silicon substrate will be drawn to the Si-Si02 boundary. 
In this state, 
known as accumulation, the MOS capacitor looks like a parallel p
late capacitor 
with electrodes at the metal gate and semiconductor surface. T
he measured 
capacitance is then just the oxide capacitance, Cox' given by: 
C = £ Aft ox ox ox 
(2.1) 
where £ 0 x is the permittivity of the oxide 
(for Si02 this is 3.9 times the 
permittivity of free space, £ ), A is the gate area and t is the oxide
 thickness. 
0 ox 
The measured value of C is generally used together with t
 or A to 
ox 
ox 
determine the third parameter; usually t is measured, and A is cal
culated and 
ox 
compared with a measured value for gate area to verify consistency. F
igure 2-1 
shows (a) the MOSC, (b) energy band diagram, (c) charge distribution and {d) 
low frequency C-V curve for a p-type device in accumulation. 
Figure 2-la 
shows the MOS structure along with an equivalent circuit repres
entation. In 
Figure 2-lb, EFS and EFM are the Fermi levels in the silicon and 
metal, 
respectively. q,8 ( < 0 for p-type) is the bulk potential and q,1 is 
the surface 
potential which are referred· to the intrinsic energy, E,.. The band
 bending or 
9 
··-·~· __ .. __ ,_'· 
'' .. 
' 
• 
,· 
. . ·-· l 
.·./ 
(1) 
• 
(b) 
(c) 
• I: 
... 
r: 
e 
.. 
c.a 
• 
-
.., 
,, 
PC•) 
l 
• 
• 
• 
• 
• ;4 
• 
• 
• 
• • 
• • 
• 
• • 
• • 
• • 
• • 
• • 
• • 
• • 
• • 
• 
• 
I 
c. 
• • 
• 
• 
• 
• 
t • •= • • • 
• • 
' • 
• • • • 
• 
-- _!_ --
--
---
• • 
• 
• 
' • 
' • 
• • 
• 
• 
• 
• 
' 
•• 
•••••••••••• 
Holes 
•••••••••••••••••••••••••••••••••••••••••••••••••• 
\ 
\ 
\ 
\ 
I 
I 
I 
I 
I 
' (' 
• 
• 
.. 
-
2.J.1 ACCUMULATION 
',· 
I 
- -
- -
\ I 
Accumulation 
-10 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
v,. 
,, 
Figure 2-1: MOS Capacitor 
., 
I .. ~,. 
.10. I / 
• 
JdaaJ caJcuJ"atJon For 
p-typa aubatrata 
N •JxJD'' CII-J A 
t.•JDDD A 
. .
10 
ID Accumulation 
. 
•,, 
. ·.,· 
'.1• 
... . 
.. ,.' ~ 
/• 
' . 
'i ' ' 
- ·,· ... 
I• 
• 
2.1.1 ACCUMULATION 
barrier height t/J,, is the total potential differe·nce between the silicon surface and 
the bulk and is related to the surface and bulk potentials by 
(2.2) 
Ee is the bottom of the conduction band and Ev the top of the valence band 
in the silicon. Figure 2-lc shows charge build-up in the MOSC system. The 
negative bias results in a negative gate charge which draws positive charge in 
the form of holes to the Si-Si02 interface to preserve charge neutrality for the 
device. 
As the bias on the gate is increased, the band bending is reduced and the 
hole population at the interface decreases, but the capacitance remains fairly 
constant at Cox· When t/J I is reduced to zero the device is in the "flat band" 
state. The capacitance, CFB' and voltage, V FB' at this point are used in later 
analysis to monitor charge trapping in the oxide. "Flat bands" also marks the 
end of accumulation and the beginning of depletion. 
2.1.2 Depletion 
As the gate voltage is made more positive, holes are repelled from the 
silicon surf ace resulting in the formation of a depletion region of ionized 
acceptors. The capacitance of this region, C0 , is 
CD = fsi A/ w (2.3) 
I 
where t:,i is the permittivity of silicon (11.8£0 ) and w is the depletion width. 
As can be seen in Figure 2-2a, C0 is in series with C0 ~ so that the measured 
capacitance is just 
(2.4) 
As the gate voltage becomes more positive, the energy bands bend downward 
.11 
j 
. , 
... 
. ,;: 
.. 
'• 
,, 
' '.~ 
',·! 
l -
. •':I 
.. ' ., 
'' 
., 
' . 
.. 
I 
"1': .. 
.. 
(I) 
.. 
(b) 
(c) 
'. 
.. 
• I: 
... 
&: 
e 
.. 
u 
.. 
w~ 
~ 
u 
't.. 
_, 
u 
PC•) 
1 
-·· 
..... 
• : 
• • 
• ;~ 
r 
r 
: 
' • 
• • : 
• • 
• • 
c. 
• 
' • 
• • 
' 
..... . . . 
. . . . . 
. . . . .. . . . . . . . . . :,:,:•:•:•:•:• 
. . . . . . . 
. . . . ...... . 
. : : . 
. . . t' ..... . .  .  
:;:;: .-;:;:; 
. . . . . 
• I O f 0 
. . . . . . . . . . . . . 
• 
• 
t .. .. :~ w-+; 
• --*--··-· II "'11··~·-~····· 
• • 
' • I 
I 
r 
I 
! 
• 
• • 
• • 
• • 
• • 
• 
• 
• : 
• • 
• • 
• • 
• • 
.. •f············ ••• • 
••• ~ q tB 
• 
• • 
• 
• • 
• • 
• • 
• • 
• • 
• • : 
: 
: 
: 
s 
: 
• • 
• • I 
• : 
• : 
• • 
• • 
• • 
• • 
• • 
• 
-Q 8 
-dQ a 
..... 
··········E1 
... 
X 
- --
- - -- -
--
--
-
•••••••••••••••••••••••••••••••••••••••••••••••••• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• • 
• 
.. 
I 
I 
I 
I 
I 
I 
IJQpla~Jan 
• 
• • • • • • • • • • 
-10 aa,u prr01Ntr• a Flg. 2-J 
VG 
Figure 2-2: MOS Capacitor 
/ 
10 
• 1n Depletion 
J~--
'" ' ' 
12 
. ,-
l .. 
: .,·r,-. l 
,, 
2.1.2 DEPLETION 
•' 
' 
;' 
·.l 
. -I' 
,/ .. ,. 
' 
,." ,' 
I 
t 
·- .. 
.. 
• 
·• 
' . 
,,,: 
. . 
.. · .
..... ~ 
,· 
.. 
. .'• : . 
' '. :,,,, .··. '· . 
• , I 
' . 
' . . 
'.' ,. 
. .... ",. '..,. 
. l · 
' . 
' I' • 
• ,· J 
.] 
<\.), . •• 
,-r.: 
,, j ( 
' •, 
• ' ' . ! 
,'. ·. 
• 'j , ' ... ' . . ~ /'' . . • . 
• .'• ' 'I 
. ;' ';: . ,' 
, I ' i' ·,. 
II 
2.1.2 DEPLETION 
and t/,1 increases as shown in Figure 2-2b. In order to preserve charge 
neutrality, the increased gate charge must be balanced by an increase in the 
depletion width. This increase in w causes a decrease in both CD and the 
measured capacitance (cf. Eqn. (2.3) and (2.4)] and can be seen in the C-V 
curve in Figure 2-2d. 
As the band bending approaches the magnitude of the bulk potential, the 
decreasing surf ace hole • concentration and increasing , surface electron 
concentration approach n,., the intrinsic level. The point when the Fermi level 
(Er8) crosses the intrinsic level (E,) is called the onset of inversion. Increasing 
the bias will draw minority carriers to the interface to form the inversion layer . 
which begins to shield the depletion width from further penetration of the 
applied field. Because most of the electric field lines will be terminated on 
inversion layer charges instead of ionized impurities, the depletion width begins 
to saturate. When the minority carrier contribution to the surface field matches 
the dopant ion contribution a region called "strong inversion" is reached and 
• 
the depletion width attains its maximum value, which can be expressed as a 
function of doping density 12, NA: 
wma:a: 
(2.5) 
where T is the temperature in Kelvin, k is Boltzmann's constant, q is · the 
electronic charge and n, is the intrinsic doping concentration. From Equat~ons 
(2.1), (2.3) and (2.4) the minimum capacitance is then 
c. 
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2.1.3 INVERSION 
2.1.3 Inversion 
The surface concentration of electrons in strong inv
ersion will prevent a 
depletion region response to further increases in gate 
bias. An increase in VG 
will simply draw more electrons from the bulk silico
n and make the inversion 
layer more n-type. Because we assume, that the AC
 excitation is slow enough 
for the inversion layer to respond, the AC or different
ial capacitance depends on 
alterations to the surface electron concentration which
 does not affect the silicon 
capacitance. Therefore, the me~ured capacitance ret
urns to that of the oxide 
(C0 x). The structure, band diagram, charge distribu
tion and C-V curve of an 
MOSC in inversion are shown in Figures 2-2a, b, c an
d d, respectively. 
2.1.4 Quasi-Static vs. Low Frequency 
Experimentally it is difficult to obtain a true low f
requency C-V curve. 
The admittance bridge or lock-in amplifier necessa
ry to take measurements 
. .----
.---' 
below 50 Hz requires noise filters with long response times.
13 The method more 
widely used is the Quasi-Static method which makes equivalent fr
equencies of a 
fraction of a hertz more easily attainable. 
To measure a quasi-static C-V curve, a time varying
 gate bias is applied 
across the MOSC by a voltage-ramp generator. T
he resulting displacement 
current flowing through the capacitor (pA range) is measu
red with an 
electro meter and is directly proportional to the diffe
rential capacitance. This 
current, IG, is related to the capacitance by 
. ( dQT) ( dVG_) · ( dVG) 
dQT/dt = le = dV dt = C dt 
G 
For a linear ramp rate, VG = at and dVcf dt = a where t is ti
me. 
capacitance, from Equation (2.7), is then just C = le/a. 
14 
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2.1.4 QUASI-STATIC VS. LOW FREQUENCY 
The Quasi-Static method for C-V measurements was first introduced by 
M. Kuhn14 in 1970 and experimental details are presented by H. Chew7 and 
L. Trombetta.15 
2.2 MOS Capacitors at High Frequencies . - ..... 
When the frequency of the AC excitation impressed on the gate bias of 
the MOSC is increased from the low frequency case so that minority carriers 
and interface traps can no longer respond, the C-V profile is a high frequency 
curve. 
Because the response of the minority carriers does not affect the device 
capacitance in either accumulation '?r depletion (Sections 2.1.1 and 2.1.2) the 
high and low frequency curves are identical in these regions for devices without 
electrically active defee-ts. In inversion, however, the minority carriers necessary 
to form the inversion layer must be thermally generated from the bulk silicon. 
In the low frequency case we assume that both majority and minority carriers 
respond instantaneously to changes in the gate bias, including the AC 
component. In the high frequency case, we need a signal which will be fast 
enough to prevent minority carrier response, but not majority carrier response. 
Majority carrier charge will follow the AC gate voltage as long as the period of 
( the AC voltage is much longer than that of the dic]cctric relaxation time of 
i,il\ 
'!, 
,, 
i 
silicon, T0 : 
TD=0£. ,, (2.8) 
where O is the silicon resistivity .16 The necessary frequency condition is then 
(2.9) 
The minority · carrier time constant ,..R' which characterizes the thermal 
16 
2.2 MOS CAPACITORS AT HIGH FREQUENCIES 
mechanisms regulating the supply of minority carriers to and from the silicon 
surface is more complicated and is discussed in detail in the literature.17• 18• 19 
"R can be expressed in terms of silicon parameters as 
Ln [ friN! r'2 .,. R - (2.10) - kT In (NA/ni} 2 2µ n. 
for p-type silicon. n Ln is the electron diffusion length; . µ, , the electron mobility; D 
NA' the substrate doping; n,, the intrinsic carrier concentration; T, the 
temperature in Kelvin; and le, Boltzmann's constant. 
condition is then 
The AC frequency 
(2.11) 
For a p-type, <100> substrate with doping concentration of lx1016 cm·3 
(1.3 0-cm) and using typical silicon parameters,20 Equations (2.8), (2.9), (2.10) 
and (2.11) produce a frequency range of approximately 
0.008 Hz < / « 1 x 1011 Hz (2.12) 
The most commonly used frequency for these curves is 1 MHz, which has also 
been used in this study. 
Since the inversion layer minority carrier charge cannot respond to the 
1 MHz signal, the depletion layer must, in order to preserve charge neutrality. 
Once the device is biased into inversion and the maximum depletion width has 
been established [cf. Eqn. (2.5)), the differential capacitance is produced by AC 
variations of the depletion width about the mean value w • Since this value max 
is not changing, the capacitance saturates at the minimum value. The MOSC 
charge distribution showing differential charge in inversion is shown in Figure 
2-4 while Figure 2-5 compares the theoretical high and low frequency curves 
using the same device parameters. Instrumentation for measuring high frequency 
I • , 
17 
- ,·"' 
' 
1'·· 
.', 
~J· t -, 
. •' 
~ 
u 
' u 
_.... 
,c 
....., 
a. 
1 
Figure 
3 INFORMATION GENERATED FROM CAPACITANCE-VOLTAGE DATA 
M • 
' 
:;;;:. 
······ 
. .. .. . 
······ 
...... 
...... 
······ 
...... 
······ :::::: 
...... 
...... 
...... 
:::::: 
······ 
······ a::::: 
:::::: 
······ :::;:! 
: ,: .. 
• 
• 
• 
• 
• 
• 
....... 
...... 
······ 
.• t ••• 
....... 
•:•:•: 
=·=·=· . • ....
······ :::::: 
•:•:•: !::::: ;-:::: 
:::.:• 
·:-:-: :-:•:•: 
•:•:•: 
>;'·=·~ 
• 
• 
• 
' , 
, 
• 
• 
• ,
• f 
• 
D 
~•. 
•• 
• 
' • 
• 
• , 
s • 
• 
• 
' 
' • 
' 
-· 
C 
, 
~:•---------• ... --------~ 
• 
' • 
' • 
• 
' 
' • 
' 
' f 
• 
' 
' f 
' • 
• f 
• 
• 
• f 
• f 
' • 
' • 
• 
• 
• 
' 
' • 
' • 
• 
• 
' 
' • 
• 
• 
' • 
' 
' 
' 
' 
' , 
• 
• 
• 
• 
• 
' • , 
' • 
'Dedreld 
' 
lnlzed lr.c•pt .. 
, 
• , 
• 
• 
• 
• 
2-4: 
' 
' 
' • 
• 
' 
Charge Distribution of MOSC in Inversion 
for High Frequency AC Excitation 
••••••• 
••••••••••••••••••••••• 
sanaa paramatars as Fig. 
-10 0 
/······· C LF 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• • 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
2-l 
2-5: High Frequency Capacitance-Voltage Curve 
18 
10 
l 
,I, .. 
3 INFORMATION GENERATED FROM CAPACITANCE-VOLTAGE DATA 
C-V curves is described in the literature. 21, 7, 8, 16 
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3 INFORMATION GENERATED FROM C
APACITANCE-VOLTAGE DATA 
Chapter 3 
Information Generated from Capa
citance- . 
Voltage Data 
3.1 Electrically Active Defects in S
ilicon Dioxide Films 
S.1.1 Defect Classification 
The Si02 films used in MO
S devices support several electrica
lly active 
defects which significantly affect op
erating characteristics. In 1980 a comm
ittee 
headed by Bruce E. Deal presente
d a standard terminology which c
ategorizes 
these oxide charge traps into fo
ur distinct types. 22, 
23
• 
24 The four types 
illustrated in Figure 3-1 are: 
1. Fixed Oxide Charge (Qf' N1) - Positive
 charge due primarily to 
structural defects in the oxide layer le
ss than 25 A from the Si-Si02 
• 
interface. They are related to the o
xidation process and are not in 
electrical contact with the silicon.
 Occupancy is not a function of
 
applied voltage. The physical or
igin of these charges is still not 
determined. Deal has attributed th
is charge to ionized silicon. 
23 
2. Mobile Ionic Charge (Qm, Nm) - Primarily due t
o alkali ions such as 
Li+, Na+, K+ and possibly ff+, introduc
ed during oxide growth and 
later metallization. The ions, mos
t notably of sodium, are mobile in 
that they drift through the oxide 
in response to applied electric 
fields. This drift is accelerated at 
elevated temperatures and appears 
as a characteristic hysteresis in C-V char
acteristics. 
J ·~ .• 
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3.1.1 DEFECT CLASSIFICATION 
3. Oxide Trapped Charge (Q0 ,, N0,) - Positive or negative charge due 
to trapping of holes or electrons in the bulk of the oxide. trapping 
may result from various charge injection techniques, e.g. avalanche 
injection, Fowler-Nordheim injection, internal photoemission and 
ionizing radiation. 
4. Interface Trapped Charge {Qit' Nit' Dit) - Positive or negative 
charges due to ( 1) oxidation-induced structural defects, ( ii) metal 
impurities or ( iii) other defects caused by radiation or similar bond 
breaking processes. Because interlace trapped charge is located at 
the Si-Si02 interface it is in electrical communication with the silicon 
substrate and can be charged or discharged, depending on the surface 
potential and thus on the gate voltage. 
The units for describing oxide charge are number per unit area for N 
(/cm2) or charge per unit area for Q (C/cm2) wh.ere Q = qN. Interface traps, 
due to their dependence on t/;8, are usually reported as number per unit area, 
per unit energy or Dit (/cm2/eV), defined as qDit(tt,,) = dQitfdtJ,,, where q is 
the magnitude of the electronic charge. 
3.1.2 Effects on C-V Curves 
The oxide trapped charge, mobile ionic charge and oxide fixed charge all 
result in essentially rigid shifts of the C-V profile along the voltage axis. The 
difference between the measured and calculated flatband voltage gives the 
magnitude and sign of the oxide charge.'· For an ideal device without oxide 
charge, V FB is just the work function difference between the silicon and metal 
(Wm,). The oxide charge is then 
: , .. 
22 
. }1 
:, 
···) 
. . ~ 
.,, 
'' 
3.1.2EFFECTSONC-VCURVES 
Q = - C . ( V SMI - w ) o ox r .1111 m, (3.1) 
where 
(3.2) 
and 
(S.S) 
where C is the oxide capacitance per unit area; E , the barrier height 
ox mo . 
) 
between Si0
2 
and EFM; E,
0
, the barrier height between Si02 and Ev; E1, the 
silicon bandgap and f 8 , the silicon bulk potential. A voltage shift to the left is 
a result of a net positive Q
0
; a rightward shift means Q0 is negative. The shift 
in a high frequency C-V curve due to a positive Q0 is shown in Figure 3-2a. 
The quasi-static curve behaves in a similar manner. 
Qm is due primarily to monovalent ionic sodium impurities. Because the 
sodium ion is highly mobile at elevated temperatures ( > 200 • C) in an applied 
electric field, the Qm component in Equation (3.2) may be separated from Q0 
using Bias-Temperature-Stressing (BTS) measurements. The BTS technique is 
described in detail in the literature. 25, 8, 26 
Because interface state occupancy varies with gate bias, stretchout of the 
C-V curve . occurs. To understand stretchout, compare the change in band 
bending of two MOS capacitors, one without and one with interface traps, when 
\ 
the gate charge is increased by 6QG. Both MOSCs are allowed to reach 
equilibrium after this change in gate charge. In the MOS capacitor without 
interface traps the gate charge must be balanced by a like component of silicon 
surface charge 6Q
8 
to preserve overall charge neutrality, i.e. 6Q G + 6Q, = 0. The 
band bending changes to bring about this balance. 
; . ~ . 
23 
~ 
'9 
. ·: .i· ! 
·, 
" 8 
' 
~ 
. 
0 
• 
~ 
I 
' I 
I 
0 
• 
.-1 
"' "' - ... 
- - - -QQQC) 
............... 
~~~~Q 
I I I I I 
.......... 
............ 
QQCCC 
•• 
xoJ~J 
/ 
_,-
_,, 
,,_ 
/ 1r···························-
• • I . 
/ 
/ 
/1 
I 
,. 
lO 
• 
u• ~ 
• 
"• \, 
i 
• 
•• 
l 
~ 
I 
'• 
-~ 
! 
'I 
1 
i 
J 
'L t 
,. -I ! 
.& ! 
cF I 
& 
-I 
1 "• i '-
t • 
f~ t~ 11 
- '• Ii 
0 
.... 
0 
..... 
I 
0 
.-t 
{ 
·.···~·······-r· .. •••·•······· .. ···················· .................. . 
• 
0 
~ 
I 
tO 
• 
XD:,/:IHJ 
~ 
>" :g 
" ". 0 > '-' 
. ' 
0 
• 
~ 
~ 
... 
Q 
... 
~ 
I 
0 
• 
.... 
.. 
-Q 
... 
)( 
'a 
" 'l, 
... 
.c 
• 
»:.c 
'1 
'a 
' 1:a B 
~ \, 
... 
• 
• 
XDJ/:IHJ 
...... 
-
• 
0 -... ... )( c:, 
It) 
I 
... 
)( 
... 
• 
.. 
-Cl 
C) 
I 
.. 
.... 
Cl ) 
XOJ/:nJ 
'n 
• Q 
... 
~ 
I 
'11!~ 
(0 
• 
to 
• 
Figure S-2: Distortion of the Ideal C-V Profile (broken lines) due to 
(a) Oxide Charge; (b) 'and (c) Interface Trapped Charge 
. ,\,.. and (d) Changes in Doping Density 
·J .• / 
·1· . 
.. ,, . ' 
·. 24 
'1 
• 
"b 
.... 
Ji 
• ... 
• 
• 
~·, I 
... 
:, 
' i: ! 
I 
i 
i 
I 
19 
i 
. J 
•• 
'-i 
• ... 
1 
~ 
. I 
• 
• • .. 
! 
t 
I 
- . 
" -
'• ! 
.s f 
c:: I 
. 
0 
.... 
0 
.... 
I 
0 
.... 
0 
.-1 
I 
g 
> 
:,., 
.. . 
> 
) 
r 
• 
' 
•, 
l; 
. 
' .• 
.• 
.•. 
', 
3.1.2 EFFECTS ON. C·V CURVES 
In the MOSC with interface traps, a change in interface 
trap charge 
density 6Qi, also occurs with any change in band bending. The charge
 
neutrality condition is therefore 6QG + 6Q, +IQ,,= O. Because the MOS capacitor 
with interface states includes the additional differential cha
rge density 6Q1, the 
required change in 6Q1 is less. Since the change in band bending is the
refore 
Jess in the MOSC with interface traps than in the one wi
thout, a larger range 
of gate charge variation is required to drive the capacitor
 from accumulation to 
inversion. Since the gate charge is related to · the gate
 bias ( dQ G = CdV G) a 
larger voltage range will also be required. 
27 The resulting C-V curve, illustrated 
in Figure 3-2b, is stretched out along the gate voltage axis
. 
Since the interface trapped charge cannot respond to th
e high frequency 
AC gate signal it does not contribute to the measured d
ifferential capacitance. 
In the quasi-static or low-frequency measurements however, t
his charge can 
respond so that the total differential charge is 
(3.4} 
The resulting interface trap capacitance Cit' in parallel 
with the silicon 
capacitance C8 , increases the measured low 
frequency capacitance. This effect, 
which occurs in addition to the stretch-out, is illustrated i
n Figure 3-2c. 
Changes in the substrate doping density of a device that
 may occur as a 
result of hot carrier injection techniques (see Section 1.3) also cha.nge .the s
hape 
of the C-V curve. The ideal curves for different doping d
ensities in Figure 3-2d 
show that a spacially uniform decrease in doping density 
causes a reduction in 
the minimum capacitance. 
I .. 
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3.2 MEASURING INTER.FACE STATE DENSITIES 
3.2 Measuring Interlace State Densities 
In this section I will discuss several methods of extracting interface trap 
density characteristics from capacitance-voltage curves. The three main methods · 
are: (1) measurement of stretchout of the high frequency curve by compa~ing it 
to a calculated or "ideal" curve having no interface traps, (2) measurement of 
interface trap capacitance by subtraction of ideal capacitance from measured low 
frequency capacitance and (3) comparison of both high and low frequency 
measured C-V curves. 
The interface trap density Dit is normally plotted as a function of bandgap 
energy. As the device passes from accumulation, through depletion and into 
inversion, the energy bands at the silicon surface shift about the fixed Fermi 
level Ers· The energy value usually plotted is the difference between the Fermi 
and valence energy at the silicon surface. Figure 3-3 shows how the energy. 
values for a p-type device in accumulation, at flatbands, at the onset of 
inversion and in strong inversion sweep energy values through the silicon 
bandgap. The energy value E is related to the surface potential by 
(3.5) 
Eg, the bandgap energy, is approximately twice the intrinsic to valence band 
energy value. 
3.2.1 Profiles from High· Frequency C-V Curves 
In order to generate · a Dit (E) profile from the high frequency C-V curve it 
is necessary to quantitatively describe the stretchout in terms of MOSC device 
parameters and C8 F-V G values. This analysis, first presented by L.M. 
Terman, 28 can . be derived from Gauss's · · 1aw · as expressed in terms ·· of 
I ,.· 
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3.2.1 PROFILES FROM HIGH FREQUENCY C•V CURVES 
capacitance, charge and voltage for the Si-Si02 interface region: 
(S.6) 
C
0
x is the oxide capacitance per unit area; VG' the gate voltage; "'•' the band 
bending; Qit' the interface trap charge per unit area and Q,, the silicon surface. 
charge per unit area. For a slow, infinitesimal change in gate bias dV G' 
Equation (3.6) predicts a change in band bending dY,., given by 
(S.7) 
where 
(S.8) 
and 
C (t/J ) = -dQ /dt/l 
' ' . ' 
{S.9) 
are the interface trap and silicon surface capacitances per unit area. 
The high frequency capacitance is formed from the series combinatic;m of 
the oxide capacitance, C , and the semiconductor capacitance, C . The 
ox 6 
interface trap charge cannot respond to the 1 MHz signal and thus cannot 
contribute to the measured differential capacitance. 
capacitance can therefore be expressed as 
cc 
' ox 
CHF = C +C 
The high frequency 
(3.10) 
• ox 
This measured capacitance is a function of depletion width and corresponding 
silicon surface potential, which is not affected by the interface states, i.e. 
C
8
F( ,J, ,) is the same whether or not interface traps are present. It is therefore 
possible to . calculate an ideal CHF · characteristic for a given set of device 
' ' 
parameters (NA' A, t
0
x) to compare with the experimental C8 F(V G) curve. For 
each measured C8 F(V G) data point a corresponding ideal C8F( ,J, ,) can be found. 
; ''I'. 
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3.2.1 PROFILES FROM HIGH FREQUENCY C·V CURVES 
The VG and V,1 values can then be paired to produce a tJ,1(V G) relationship. 
This tJ,1 vs. VG curve contains all the information about interface t
rap level 
, 
density in high frequency C-V measurements. The construction of t/J,(V c) is 
shown in Figure 3-4 where the calculation of the ideal C8 F( tJ,1 ) can be found in 
the literature.29 The ideal CHF vs. t/J, curve on the right has the same 
capacitance range as the experimental C8 F vs. VG curve on the left. By a 
point-for-point comparison the t/J, vs. VG plot below can be constructed. Since 
interface traps have a cumulative effect on stretchout, it is necessary to take 
the derivative dt/J1/ dV G in order to get the D1t vs. t/J, characteristic. This is 
accomplished numerically by calculating a best fit curve in a small region 
centered successively on each surface potential value to best approximate local 
changes in the derivative. 
If Equation (3. 7) is solved for Cit 
dt/J -1 
Cit(~,) = Cox [ (dV :) - 1] -C,(t/J,) (3.11) 
and C8 is substituted from the (3.10) relationship, then Dit can be expressed as 
-C 1 /C ] = qDit(~.) 
HF- ox 
(3.12) 
if the interface traps are assumed to capture only one carrier. The energy 
above the valence band can then be calculated using the t/J8 values and Equation 
(3.5). The high frequency C-V curve and resulting Dit profile for some 
representative data are shown in Figure 3-5. 
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3.2.2 PROFILES FROM LOW FREQUENCY C-V CURVES 
S.2.2 Profiles from Low Frequency C-V Curves 
The interface trap charge affects · the low frequency or quasi-static curve 
not only by the stretchout effect but also by including an additional capacitance 
term Cit in parallel with the silicon surface capacitance C1 • From the low 
frequency equivalent circuit of Figure 3-6 it is obvious that CLF can be 
expressed as 
C · (C + C.,) 
ox ' • 
CLf, = C C C 
ox+ • + it 
or' solving for cit 
cit = i - c ,c - c, = qDit 
LFI ox 
CLF{V c) is the measured quasi-static 
(S.1S) 
>(3.14) 
,' 
' 
curve with C ox measured in strong 
accumulation. The C1 ( t/,1 ) relationship for low frequencies is not a function o
f 
interface trap density and can be calculated for a given set of device parameters 
(NA' tox' A) if the doping profile is assumed to be uniform. It is necessary to 
obtain tp8 vs. VG in order to determine C1 (V G) and then Cit( t/J8 ) in Equation 
(3.14). An experimental method, first used by Berg]und,30 which relies solely on 
the quasi-static curve, provides this relationship. If Equation (3. 7) is solved for 
the differential band bending,. 
[ 
Cit ( tJ, .) + C' ( tJ, .) ] 
d.p • = 1 - C C ( ) C ( ) dV G 
ox + it tp' + ' "'' 
(3.15} 
integrated, and the CLF term from Equation (3.13) substituted, the result will 
relate surface potential to gate voltage through the CLF-VG curve: 
. I VG [ CL,"V G)] 
t/J,(VG) - .P,o(Vco) = J11 dV G 1 - C 
VGO o:z 
(3.16) 
V GO is chosen to minimize the error in the corresponding ,p10 which must also 
., 
I . •' . 
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3.2.2 PROFILES FROM LOW FREQUENCY C-V CURVES 
be determined. 
If the ·quasi-static curve is integrated in the manner of Equation (3.16) 
from V co=V G,mln to VG' the result is the band gap energy above Ev for that 
particular gate bias if CLF(V G,min)=Cox· This • 18 the energy E 
• 1n 
Equation ~ 3. 5} , which can be calculated for each point on the measured 
CLF-VG curve. The integral over the entire curve should produce the band gap 
E (~ 1.12 eV) if the gate voltage is swept far enough into inversion to reach g -
Cox· VFB' which is usually calculated to monitor bulk charge, also corresponds 
to t/)
1
=0 and can be used to adjust the ,J,1(V c) data to allow the Cit(,J,1) 
calculation from Equation (3.14). The quasi-static curve and resulting Di,· 
profile for representative data are shown in Figure 3-7. 
3.2.3 Profiles from High-Low Frequency Comparison 
Castagne and Vapaille11 were the first to combine high and low frequency 
curves to obtain a measured C5(V c)· For this method there is no need for a 
theoretical calculation and a non-uniform doping profiJe,do-e·s~notpose a problem. 
The approach is similar to the quasi-static case previously discussed. Using 
Equation (3.10), the silicon capacitance can be determined · from the high 
frequency curve: 
C C C = ox HF 
' cox-CHF 
\ (3.17) 
If this expression is substituted into· Equation (3.14), the interface capacitance 
as a function of gate voltage is expressed in terms of high and low frequency 
capacitance only. 
c,t = 
CLF CHF 
1 - CLy/Cox - 1 - cH,;cox = qDi, 
(3.18) 
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3.2.3 PROFILES FROM HIGH-LOW FREQUENCY COMPARISON 
The energy can then be determined in the same manner as the low frequency 
case previously described. 
3.3 Silicon Doping Profiles from C-V Curves 
As long ~ the silicon substrate doping is uniform throughout the 
maximum depletion width all of the three methods of calculating interface trap 
density produce essentially the same results. This consistency check lends 
credence to experimental results and is an internal check of the C-V data. Two 
different phenomena, interface trap capacitance (Cit) and stretchout ( t/11 to VG 
relationship), produce the same results even in regard to Dit(E) peak height and 
position. 
It is necessary to calculate the substrate doping density of the samples in 
order to generate the ideal files needed for the low frequency and high frequency 
comparison techniques. There is a quick way to do this using the minimum 
and maximum high frequency capacitances and assuming a constant ionized 
dopant concentration. 
Since the maximum depletion width w in an MOS capacitor occurs at 
. max 
the minimum high frequency capacitance, the two can be related by 
( 1 1 ) w = £ • • -
maz n C C 
HF.min ox 
' 
(3.19) 
wmax is also determined by device parameters as shown in Equation (2.5). If 
the two expressions are combined to eliminate w , a transcendental expression max 
relating the CHF,min/C0 x ratio to doping density is obtained,
31 
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NA 
which· can be solved by iteration. 
q2 t . [ C ] 2 · n ox 
---1 (S.20) 
2 le TC2 CHF,min 
In Figure · 3-§: a plot of NA· as a function of 
35 
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,: 
CHF 1 /C with oxide thickness as a parameter, shows that CHF 1 decreases ,mn ox ,mn 
with doping concentration. 
The result obtained is an average doping concentration · over '°max· H NA 
is not uniform this value will be an approximate or "effective" doping density. 
Since non-uniform doping distorts the C-V curve in much the same way as 
interface traps, an ideal curve generated using an effective doping concentration 
may lead to errors in Dit(E) calculations if the substrate doping has significant 
spacial variation. It is therefore necessary to determine the ionized dopant 
density profile of the MOSC, if only to confirm that the uniform doping 
approximation is valid (often it is not). 
There are many ways of measuring· these profiles - e.g. successive etching 
and four-point probe measurements,33 spreading resistance measurements on the 
bevelled edge sample,34 
• lOn secondary of a helium • IOD backscattering, 
spectroscopy and electron spectroscopy for chemical analysis
35 
- all of which 
" ~ -· ~ . 
destroy the sample. There is a· -·non-destructive electrical profiling method 
introduced by Van Gelder and Nicollian,36, relying only on· C-V data which can 
measure doping density in the electrically important region near the interface. 
S.S.1 Generating N(w) from the High Frequency C-V Curve 
Generating a doping profile from differential capacitance will only be 
accurate when the profile is closely related to the free carrier concentration 
flowing in response to the AC gate voltage. In accumulation and inversion free 
carrier charge density is only weakly dependent on ionized dopant impurity 
concentration, making measurements in either of these regions difficult. In 
depletion however, where the free carrier concentration is dominated by ionized 
dopants, an accurate profile is possible. 
'. I '• . . 
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3.3.1 GENERATING N(W) FROM THE HIGH FREQUENCY C·V CURVE 
For a device biased into depletion, an incremental increase in gate charge 
dQG will cause an increase of dw in the depletion width in order to keep the 
total charge in the depletion width equal to · the total gate charge. This 
differential change is related to the net doping concentration N(w) by 
dQG = - qN(w) dw 
(S.21) 
where N(w)=NA(w)-N
0
(w), which is approximately equal to NA(w) for p-type 
samples. This incremental charge increase also causes an incremental voltage 
increase at a measured capacitance C . 
. m 
(S.22) 
The depletion width w may be expressed in terms of the depletion capacitance 
per unit area from Equation (2.3): 
f . ,, w = (3.2S) 
CD 
where C
0 
is normalized to the gate area to simplify the equations. The 
differential depletion width, from (3.23), is then just 
dw = E • • d( 1 ) 
'' C D 
(3.24) 
If the interface trap capacitance is assumed to be negligible (as in,; the high 
frequency case) the measured capacitance can be expressed as the series 
combination of oxide and depletion capacitances: 
1 1 1 (3.25) · 
C - C +C 
m ox D 
Because the oxide capacitance per unit area is not voltage dependent Equation 
(3.24) may be modified to 
dw = £ • • d( 1 + -1-) 
'' CD cox 
(S.26) 
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3.3.1 GENERATING N(W) FROM THE HIGH FREQUENCY C·V CURVE 
and 
Now, equating (3.21) and (3.22), 
dQG = -qN(w) dw = Cm dVG 
solving for N(w), 
CmdVG 
N(w) = ---
qdw 
and substituting for dw from (3.26), the expression for doping becomes 
Cm dVG [ 1 
N(w) = - £ .d(t/C) = - q£,i. C q ,, m m 
(S.27) 
(3.28) 
(3.29) 
(3.30) 
The substitution [d(l/x2)/dx]/2 = (d(l/x)/dx)/z is usually made for the final 
• expression: 
2 
_ 2 ( d(t/Cm) )-1 
N(w) = dV q f. . G 
'' 
{3.31) 
Since the slope of 1/Cm2 is positive for p-type devices and negative for n-type, 
the sign of N( w) in (3.31) also determines the type of doping. 
To determine the depth into the silicon corresponding to this calculated 
doping density, the depletion capacitance from Equation (3.25) can be 
,) 
substituted into Equation (3.23) to relate w to the measured capacitance. 
w=i.·(1_1) 
'' C C m · ox 
(S.32) 
\ 
I . ,.,, 
39 
i 
' 
3.3.2 CORRECTION FOR INTERFACE ST ATES 
S.3.2 Correction for Interface States 
In the previous analysis it WM assumed that interface trap level density 
was negligible, but many devices of practical interest do have significant 
interface traps. H a method of correcting the doping profile for interface trap 
effects can be found, the C-V to N( w) method becomes much more versatile. 
The interface trap level density has been shown to affect both the measured 
capacitance and the capacitance-to-gate-voltage relationship. The Cit capacitance 
component may be excluded from the analysis by using the high frequency 
capacitance for the calculation; i.e. let Cm CHF. It is more difficult to 
separate the C8 F-V G slope variations due to doping changes from those due to 
interface trap level densities, but these effects on the high frequency curve ( see 
Figure 3-2) can be dissociated if the low frequency curve is included in the 
analysis, as will be shown. 
Since the depletion width is not altered by interface-trap stretchout, the 
substitution of C8 F for Cm in Equation (3.32) is the only modification required 
for the monitored depth into the silicon, w. 
w = £,i: ( c1 - c1 ) 
HF ox 
(3.33) 
It is necessary to relate the differential change in gate bias when no 
interface traps are present, dV GO' to the change when interface traps are 
present, dV G' in order to modify Equation (3.31) for the stretchout caused by 
interface traps. The differential increase in gate bias, in the absence of interface 
,~ ...... 
states, is related to capacitance and band bending by 
(3.34) 
or, when interface traps are present 
... 
40 
3.3.2CORRECTIONFORINTERF ACESTATES 
(S.S5} 
From (3.34) and (3.35), the same change in band bending dt/J. and hence the 
same change in depletion layer width occurs provided that 
dVGO cox+ CD 
dVc cox+ cD + ci, (S.S6) 
In order to relate dV aol dV G to the measured capacitance, C0 from Equation 
(3.10) 
CHFcox CHF CD = = Cox - CHF l - CHF/Cox 
and C0 + Cit from Equation (3.13) or (3.14) 
CLFcox 
CD+Cit = Cox - CLF l - CLF/Cox 
are substituted into (3.36), which can then be expressed as 
f 
dVGO l - CLF/Cox 
-----dVG 
(3.37} 
(3.38) 
(3.39) 
The doping density relation of Equation (3.31) applied to the high 
frequency capacitance measurement can be expressed as 
N(w) = -
q £,i dVGO 
If the voltage stretchout correction is added, (3.40) becomes 
2 
-2 (d(l/CHF))-1 (dVGO) N(w) = -
fJ c,i dVG dVG 
Finally, Equation (3.39) can be substituted into (3.41) to yield 
2 
_:_ 2 ( d(t/CHF) )-1 N(w) = 
. 
. 9E,i dVG 
i , ' 
l - CLF/Cox 
l-CHF/Cox 
41 
(3.40) 
. {3.41) 
(3.42) 
' 
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3.3.2 CORRECTION FOR INTERFACE STATES 
If there is no stretchout due to Di& then VG = V GO' dV Go/ tlV G = 1 and 
(3.42) is identical to (3.31 ). · This derivation was first presented by 
J. R. Brews,37 and a generalization of (3.42) to arbitrary frequencies was later 
made by Y. Zohta. 38 
3.3.S Correction Near the Silicon-Silicon Dioxide Interface 
The expressions for ionized dopant density and corresponding position in 
the silicon substrate [cf. Equations (3.42) and (3.33)] are based on the 
assumption that the charge in the depletion layer is due solely to the doping. 
This depletion approximation is not valid for regions in close proximity to the 
silicon surface where majority_ carrier concentration can no longer be neglected in 
comparison to the doping density. 39, 40 The aforementioned equations are not 
valid for w closer than 2-\ from the Si-Si02 boundary, where -\, the extrinsic 
Debye Length is defined as39: 
,\ = ( f. ,i le T ) 1 /2 
q2 N 
(3.43) 
where N=N A for p-type silicon and N==N0 for n-type. It has been demonstrated 
by K. Ziegler, et al.,41 that a relation exists between the total majority carrier 
concentration and the doping density even in the region where the depletion 
approximation fails. And furthermore, a simple correction factor may be added 
to the previous analysis to allow profiles to be measured down to w==O. This 
derivation, although straightforward, is rather long and will not be presented 
here, but may be found in the literature.41 The relevant equations are: 
• N(w) = N (w) · g2(w/l) (S.44) 
and 
42 
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3.3.3CORRECTIONNEARTHE91LICON·S1LJCONDIOXJDEINTERF ACE 
• w = w • ( 1- g(w/l)) (3.45) 
*( ) d • where N w an w are the "uncorrected" values determined previously [cf. 
Equations (3.42) and (3.33)). The g and g2 functions are related to a third 
function g1, which can be expressed in terms of the capacitance as: 
Once g1 is known, g and g2 may be calculated from the foil owing: 
and 
where 
-2g 1-g 
g= +--·--
1 1-g g-lng-1 
( i) = ( g - ln g - l )1/2 
(S.46) 
(8.47) 
(8.48) 
(3.49) 
Since the relationship between g1 and g, g2 and w/ l is independent of doping 
density and temperature, the g(w/l), g1(w/l) and g2(w/l) functions shown in 
Figure '3-9 need to be calculated only one~. 
The procedure for calculating a doping profile from the C8 F(V G) and 
CLF(V G) data can be summarized as follows: 
1. Calculate N( w)* and w * from· Equations (3.42) and (3.33). 
2. Calculate g1 frqm {3.46). 
3. Either use (3.47) and {3.48) to calculate g and g2, or do a table 
look-up from previously calculated and tabulated data. 
4 .. Determine the final values of N( w) and w from Equations (3.44) and 
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3.3.3 CORRECTION NEAR THE SILICON-SILICON DIOXIDE INTERFACE 
(3.45). 
In Figure 3-10 the theoretical capacitance-voltage curve, which has interface 
traps and a uniform doping concentration, is analyzed using successively more 
accurate doping expressions as presented in this section. 
3.4 Non-Uniform Doping Corrections of Interface Trap Profiles 
When using both High and Low Frequency C-V curves for analysis it is 
possible to separate the effects of interface trap density from those of non-
uniform doping concentration. The High-Low Comparison technique of interface 
state profile extraction (Section 3.2.3), basically a modified form of the low 
frequency method, excludes · these non-uniform doping effects by using an 
experimental silicon capacitance term obtained from the high frequency C-V 
data. This method also has the advantage of obviating ideal curve calculation 
and associated ambiguity. 
Since the information concerning both the NA ( w) and Dit(E) profiles seems 
to be included in any complete set of (CHF' CLF' VG) data, it is also possible 
to correct the High Frequency anal}'sis method by a judicious inclusion of· the 
quasi-static capacitance. In the High Frequency Dit equation [(3.12)], the ideal 
or theoretically calculated CHF( t/18) data is matched with the experimental 
CHF(V c) to produce the 'P,(V c) function for the required derivative operation. 
As was previously shown, it . is also possible to form this relationship by a 
suitable integration of the quasi-static curve, i.e., Equation (3.16). The result of 
this integration is the surface potential plus an integration constant as a 
function of gate voltage. It should be noted, however, that since 
------=--
(3.50) 
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3.4 NON-UNIFORM DOPING CORRECTIONS OF INTERFACE TRAP PROFILES 
the value of this integration constant t/)10(V col does nQi affect the shape of the 
D
1
, profile, only its position in the silicon bandgap. The usual CFB calculation 
and subsequent V FD extraction are again necessary to properly place the D1, 
curve in the silicon bandgap. This procedure for obtaining the Dit profile is 
shown schematically in Figure 3-11. 
I • .. 
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4 EXPERIMENTAL RESULTS 
Chapter 4 
Experimental Results 
In this chapter I will analyze two sets of experimental data using the 
procedures presented in the previous chapter. The first type of sample, a 
p-type MOS capacitor with a shallow boron implant to give it a "known" 
nonuniform doping profile within the maximum depletion width, will be used to 
test the doping profile methods of Section· 3.3. I will then analyze some data 
that was taken by Hongzong Chew ~ part of his Ph.d dissertation 7 in which 
interface state. generation during charge injection was monitored but doping 
profiles were not calculated so nonuniform effects were not taken into account. 
4.1 Boron Implanted Samples 
In order to check the validity and sensitivity of the doping profile 
measurements it was necessary to prepare a sample having an impurity 
concentration which could be determined by a means other than the C-V 
method. Since the area of interest in a sample typically used in this lab 
(NA= 3 - 7 xl016 cm-3) is only 0.1 to 0.15 microns, I decided to decrease the 
substrate doping so that spreading resistance might also be used to determine 
the,, profile. The substrates used, boron doped, p-type, <100> with resistivity of 
60-70 0-cm (2.2 - 1.8 xl014 cm-3) resulted in a maximum depletion width on the 
order of 1 • micron. The non-uniform profile was obtained using the ion-
implanting technique35 to implant boron at an energy of 75 ke V with a dose of 
5xl010 cm·2• Because the dose necessary to produce a significant variation in . 
the doping concentration is so small for silicon of this resistivity, the ion 
activation anneal, a high temperature processing step, is very short. The gate 
J ... ·. 
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4.1 BORON IMPLANTED SAMPLES 
oxide was grown in steam (much faster than dry oxidation) to keep the total 
time the substrate spent at elevated temperatures as brief as possible so that 
redistribution of the implanted ions was kept to a minimum. 
4.1.1 Processing of the Silicon Wafers 
The two-inch, p-type, <100>, 60-70 0-cm substrates obtained from Ft. 
Monmouth, New Jersey were sent to the Implant Center in San Jose, California 
to be implanted with 75 ke V boron ions to a dose of 5xl010 cm·2• All further 
processing was performed in the microelectronics fabrication lab in Sherman 
Fairchild Laboratory, Lehigh University. The fabrication procedure will now be 
described: 
1. The wafers were / urnace cleaned in preparation for the anneal and 
subsequent oxidation: 
a. Immersion in heated sulphuric acid bath (6:1, H2S04:H20 2) for 
10 minutes; 
b. Rinse 5 times in de-ionized (DI) water; 
c. Immersion in heated nitric acid bath for 10 minutes; rinse in DI 
water; 
d. Etch for 10 seconds in 10% hydrofluoric acid; rinse in DI water. 
2. Anneal for 10 minutes in furnace at i::::: 950 • C with nitrogen flow of 
2 liters per minute. 
3. Change nitrogen flow to 1. 7 liters per minute bubbled through 93 • C 
water and allow to oxidize for 17-20 minutes. 
4. Remove bubbler and allow wafers to cool at the end of the furnace 
tube for ~30 minutes in nitrogen. 
5. Use a shadow mask to evaporate aluminum onto the Si02 on the 
device-side of the wafers to make the gate electrode. 
6. Etch Si02 on back-side of wafers (10% HF). 
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4.1.1 PROCESSING OF THE SILICON WAFERS 
7. Evaporate aluminum onto reverse side to form the substrate contact. 
Of the four wafers I processed, only two remained intact throighout the 
fabrication process, although quarter or half sections of the broken ones were 
also processed. Further problems with the back-etching process reduced the 
useable surfaces to the equivalent of two wafers. The oxide thickness, as 
measured with an ellipsometer in the region local to the devices actually used, 
was 805 ± 4 A and the device gate area varied from 0.01 to 0.015 cm2• Bias-
Temperature-Stress measurements revealed a mobile sodium content on the orde·r 
Electrical measurements on the boron-implanted MOS capacitors seemed 
normal except for a larger than usual series resistance which affected the 1MHz 
C-V curve. Conductance measurements used to correct for these effects 
produced a series resistance of approximately 100 0. Series resistance can arise 
from Jive different sources: ( 1) the back contact to the silicon; (2) the contact 
made by the probe wire to the gate; (3) a dirt film or particulate matter 
between the back contact and the pedestal; (4) the resistance of the quasi-
neutral bulk silicon between the back contact to the silicon and the depletion 
' ]ayer edge at the silicon surface underneath the gate and (5) an extremely 
nonuniform doping distribution in the silicon underneath the gate.42 
One of the major problems associated with the .analysis of capacitance-
. voltage data is a skewing effect on the quasi-static curve due to leakage current. 
This behavior, due to a leaky oxide, leakage current paths along the oxide 
between gate and back contact, shunt paths from the probe wire to ground, or 
shunt resistance within the measuring instrumentation itself, is usually modelled 
as a single shunt resistance which produces an additional linear capacitance 
I . 
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4.1.2 CORRECTING FOR LEAKAGE CURRENT IN QUASI-STATIC CURVE 
included in the measured CLF(V c).43 
4.1.2 Correcting for Leakage Current In Quasi-Static Curve 
Before a quasi-static capacitance curve can be used for any type of 
analysis it must be "corrected" for leakage current. In the procedure used here 
a linear term is added to the C-V curve to compensate for the linear effect of .-
the shunting resistance. Since the magnitude of the leakage current is not 
easily determined, a. consistent, relatively accurate approximation must be 
employed. This approximation relies on three basic assumptions: (1) that 
ideally, the high and low frequency C-V curves are identical in accumulation 
even if interface traps are present; (2) leakage current effects are negligible in . 
the 1MHz C-V curve and (3) the total integrated area between the low 
frequency curve and a horizontal C==C0 x line is equal to the bandgap energy (cf. 
Equation (3.16) and Figure 3-11). The ideal high and low frequency curves of 
Figure 3-10 that do include interface trap effects, show how well· these two 
curves align for voltages less than V FB. In addition, experimental 1MHz C-V 
curves do not exhibit the skewing characteristic of leakage current. The 
bandgap energy equation is derived from Gauss's Law in Section 3.2. 
The leakage current correction process is an iterative process of correction, 
comparison and then correction again. Each time the data is modified the 
quasi-static curve is evaluated with regard to how well it matches the lMliz 
curve in accumulation, how "flat" the accumulation and inversion segments are, 
and what the appropriate integrated area is. In many cases of interest the 
CLF-V G characteristic never appears to reach Cox in the inversion region. This 
can be caused by . a large interface tr.ap population as is illustrated in . Figure 
3-2 c.. In this case one would expect the integral value to be less than the 
I . 
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4.1.2 CORRECTING FOR LEAKAGE CURRENT IN QUASI-STATIC CURVE 
bandgap energy. One limit on the correction is imposed by keeping this 
integrated area less than or equal to the silicon bandgap energy. Another limit 
is reached when the curve "tilting" produces an inversion capacitance greater 
than Cox· Shifting of the CLF-VG curve has marked effects on both the doping 
profile and interface state profile calculations as will become apparent in 
succeeding sections. 
4.1.S Experimental Results from Boron-Implanted Samples 
After the processing was completed I had three wafers or sections of 
wafers having usable devices; they were designated IA, IB and IC. Section IA 
was used for BTS measurements. Wafer IB was broken into quarter wafer 
sections IBB and IBA on_ which -individual capacitors were indexed a's 
High frequency and quasi-static C-V curves and corresponding 
data files, designated by the wafer section and matrix numbers, were taken for 
dots 1BA0706, 1BA0805, IBB0506, IBB0608, IBB0306 and IBB0404. The data 
for IBB0608 was representative of the results for the boron-implanted samples 
and will be presented in this thesis. 
In Figure 4-la the as-taken quasi-static and high frequency curv,es show 
the skewing effects of leakage current on the quasi-static curve and also the 
lowering of the measured high frequency capacitance due to the series resistance 
. After normalization and series resistance corrections the curves of Figure 4-1 b 
show that the leakage current effects drop the CLF(V c) curve below that of 
C8 F(V c)· S-ince this implies a negative interfa~e trap population it is obviously 
not appropriat'e to analyze the data in this form. 
The quasi-static curve must be modified before a believable interface trap 
or doping density profile may be extracted. It is useful to monitor the effects 
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4.1.3 EXPERIMENTAL RESULTS FROM BORON-IMPLANTED SAMPLES 
of this correction on the calculation of these profiles. Surprisingly, the problem 
with leakage current was relatively minor for these samples. The leakage current 
correction process illustrated in Figure 4-2 shows the effects of successive 
corrections on the quasi-static C-V curve. The maximum energy above the 
valence band, Emax' for the measured curve was determined to be 1.4 e V which 
is clearly in error since the silicon band-gap is only 1.12 eV at 295 K. The 
curve used in all further analysis is the one labelled 1.1 eV which comes closest 
to meeting the criteria set forth in the previous section. The leakage current 
problem results in a much more significant distortion in the Avalanche and 
Fowler-Nordheim injected samples discussed in the next section, therefore an 
illustration of the effects of this shifting on the doping profile will be def erred 
until then. 
In order to illustrate the effects of non-uniform doping on C-V behavior it 
is useful to generate ideal curves using device parameters from the boron-
implanted samples. These theoretical curves were generated using a doping 
density of 8x1014 cm·3, an oxide thickness of 805 A and a gate area of 0.01395 
cm2• This doping density, N A,effective' was obtained by solving Equation (3.20) 
for NA using CHF . and C values from the experimental data. 
,min ox 
In Figure 4-3 the doping profile calculations of Section 3.3 is applied to 
both the corrected experimental data and to the theoretical C-V data. The 
profile generated from sample IBB0608 appears to be a Gaussian distribution, as · 
expected for an ion-implanted substrate, while the curv~ generated for ideal data 
is constant at 8xl014 cm3 throughout the maximum depletion width. 
·, 
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4.1.4 NONUNIFORM DOPING EFFECTS ON C-V CURVES 
4.1.4 Nonuniform Doping Effects on C-V Curves 
For a MOSC in depletion with a uniform doping d_ensity, an increase in 
the gate charge 6Q1 will increase the depletion width by 6w=6Q/qN A" This 
will be a uniform effect in voltage if interface traps are not present and will 
result in a linear C-V relationship for the depletion • capacitance (i.e . 
d{I/C2)/dV G=constant in Equation (3.31)). The C-t/)8 relationship should be 
linear in depletion for the same reason but will not be affected by the interface 
trap density. These non-uniform effects on the high frequency and quasi-static 
data are evident in Figure 4-4a where experimental boron-implanted sample data 
is compared to theoretical· curves having a comparable effective doping density. 
Ideal curves were again generated using NA==8xl014 cm·3, t ==805 A and ox 
A==0.01395 cm2• By using the quasi-static integration routine the C-t/J 8 
relationship may be determined for both the experimental and ideal C-V data. 
In Figure 4-4b the · high and low frequency C-t/J curves obtained from 
. 8 
experi1nental data are compared to the ideal curves calculated using NA f" t· ·. ,e 1ec 1ve 
4.2 Fowler-Nordl1eim and Avalanche Injected Samples 
4.2.1 Samples and Experiments Performed 
The data analyzed in this section was taken by Dr. Hongzong Chew as 
part of his doctoral dissertation. The data is in the form of five sets of 
simultaneous high frequency and quasi-static C-V curves taken at various points 
of a charge injection sequence. The MOSC sample, designated CW2514, has a 
"conventional" ~Si02 film grown at 1000 • C on a <100>, boron-doped (3 to 
7xl016 cm·3) substrate with aluminum gate and back electrodes. The charge 
injection sequence was: 
. 
I . ' . 
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4.2.1 SAMPLES AND EXPERIMENTS PERFORMED 
Total Fluence Charge Injection Method 
Curve 1 0.00000 C/cm2 as fabricated 
Curve 2 0.00107 C/cm2 Fowler-Nordheim Injection 
Curve 3 0.00642 C/cm2 Fowler-Nordheim Injection 
Curve 4 0.00749 C/cm2 Avalanche Injection 
Curve 5 0.00963 C/cm2 Avalanche Injection 
Specifics regarding processing, experimental procedures and test apparatus can be 
found in Dr. Chew's dissertation.7 
The CLF-V G and C8 F-V G curve sets for sample CW2514 are shown in 
Figures 4-5 and 4-6 respectively. In the high frequency· curve sequence of 
Figure 4-6 the increase in the stretch-out distortion indicative of interface states 
is clearly evident. It should also be noted however that the 
• • m1n1mum 
capacitance has decreased indicating that the substrate doping has also been 
affected. The quasi-static curves in Figure 4-5 also change in such a manner to 
indicate an increase in the interface state population, i.e. stretch-out, and an 
increase in the minimum capacitance due to the additional Cit component. 
Another obvious feature is the pronounced tilting of the curves due to' leakage 
current effects. 
4.2.2 Leakage Current Correction 
The skewing effects on the CW2514 quasi-static curves due ~o leakage 
currents (cf. Section 4.1.2.) produce a much more significant disruption of the 
. 
CLF-V G data and consequently the calculated dopi1!g and interface state profiles 
than the previously discusse~ ion-impla~ted samples. The effects on the doping 
curve due to leakage current corrections are illustrated in Figure 4-7 for the 
I . 
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4.2.2 LEAKAGE CURRENT CORRECTION 
data of Curve 1, which was measured before the charge injection sequence. The 
doping profile of the "u-measured" data reflects the original constant doping of 
the substrate. The data produces acceptable results in depletion and, as 
expected, stops at the maximum depletion width of approximately 0.15 pm (cf. 
Figure 3-8 for CHF,min/C0 x = 0.7 and t0 x = 1205.A ). The doping values 
calculated for regions close to the Si-Si02 interface are clearly not accurate even 
though these calculations do include the interface proximity correction. From 
this correction sequence it can be seen that as the quasi-static curve becomes 
more believable (i.e. maximum integrated area is approximately E , capacitance I . 
returns to C
0
x in inversion and the curve appears "flat") the doping pr~file 
tends tow·ard the expected constant value. When the correction sequence is 
carried too far, i.e. overshifted, the run-away effect reappears in the region close 
to the interface. 
For quasi-static curves with _ little Dit stretch-out, such as Curve 1, it is 
not difficult to determine when · the correction criterion have been satisfied. 
However for data taken at a later point in the injection sequence when the 
CLF-VG information has been grossly distorted so that it no longer resembles a 
typical low-frequency C-V curve, the final state of the curve may be just a best 
guess. In the Curve 5 quasi-static data of the CW2514 sample the stretch-out 
and additional capacitance due to the interface states distort the shape of the 
curve to such an extent that the(ih·easured capacitance no longer returns to C0 x 
in inversion. The maximum energy determined from the integration procedure 
of Equation (3.16) should therefore be less than the silicon bandgap and its 
final value can only be a best approximation. The "flatness" and high-
frequency comparison criterion also become more vague as ·the charge injection 
I • 
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4.2.2 LBAKAOB CUR.llBNT CORRECTION 
progresses. There does appear to be some correlation between the corrections 
performed on Curve 5 and those for quasi-static curves taken earlier in the 
sequence,· but · this is again only a rough guideline used to get the curve 
approximately correct. 
The leakage-current correction sequence for Curve 5, shown in Figures 4-8, 
CLF(Vc) and NA(w), and 4-9, Di1(E), demonstrates this procedure for a curve 
with a large interlace state population. The maximum energy, E , for curves max 
5a (as-measured) and 5b obtained from Equation (3.16) are 2.0 eV and 1.4 eV, 
respectively; clearly greater than E1• Since the doping profile calculations for 
these two curves break down for the region near the Si-Si02 interface there f-.is 
another reason to reject these curves. The Emax value for Curve 5c is equal to 
the silicon bandgap and the doping profile calculation produces data for the 
entire region. Although the results are better than for 5a and 5b, this curve 
cannot be correct because E must be less than E since the quasi-static 
max g 
capacitance does not return to C0 x in inversion. Curve 5e results in the 
minimum Emax' but is rejected because the CLF-V G curve is obviously 
overshifted, the doping profile calculation produces multiple NA values for w 
close to the interface and the Dit (E) calculations produce erratic results. Curve 
5d was chosen as the best approximation because the Emu: value of 0.80 eV was 
in the right range, the doping profile produced valid results throughout the 
maximum depletion region and the interface state profile appears reasonable. It 
is notable that the interface state profile changes drastically as the quasi-static 
curve is modified. The characteristic of interest in this particular study, the Dit 
peak, not only changes height and shape, but also its position. in the silicon 
bandgap. 
·, I .,,. , 
65 
• 
,. 
·' 
. . 
• 
.. . 
..... 4 
" 
"' I E 
u 
'-" 
600 
550 
1018 
1017 
4.2.3 DOPING PROFILE MEASUREMENTS ON CW2SJ4 
E.aJt (,aV) 
SD 2. DD 
Sb J. 4D 
50 J. JO ••••••••••••••••••• 
Sd D. BD 
s. D. 51 --- .. 
-20 -10 
••••••• 
• •• 
•••• •••••••• 
• • 
• • • 
• 
D 10 
Gata Voltc9e CV) 
w Cum) 
• 
• 
• 
• 
• 
• 
•• 
• 
20 
Figure 4-8: Leakage Current Correction -Sequence for Curve 5 
of Sample C\V2514: CLF(Vc) and NA(w) 
I •. 66 
. . 
• 
' . . ' 
...:.....:.... __ 
... 
4.2.3 DOPING PROFILE MEAS,UREMENTS ON CW2&14 
I • 
I ~ 
I ~ 
I l 
I ~ 
---
--· 
--·-----
I 
• 
I 
• 
···... I 
··1 
' ,I } ... 
.... ··, 
'9 : I 
·~:· f 
f)· y ~ 
~-.-,f \ 
....-,· . 
----··----- ·····: \ 
·.. ~ •• • 
.... ''-......... 
• • 
• 
• 
.. \ 
···=· ' 
---........ \. \ 
'~ · .. ' 
.. , .. \ 
' . 
.. , .... \ ..... :\ 
. '\'··.' 
l \·~ \ ... 
J • ... 
--------- •. 
---- .. -~-,. .._, 
I 
-· •• ----,-·..-.. 2•2 .. a --• •-• .. - .... ,-_. llllll!IC::•eo t-----------+---------•0 
0 
0 
N 
0 
> 
L1J 
CJ 
> 0 
..0 
CJ 
>. 
O'} 
L 
a, 
C 
L1J 
Figure 4-9: Leakage Current Correction Sequence for Curve 5 
. of Sample CW2514: Dit(E) 
. -
---· --·-·----'---- -
·.\.-• . 
4.2.8 DOPING PROFILE MEASUREMENTS ON CW2
114 
4.2.S Doping Prome Measurement• on CW2514 
H the effective doping concentration is calculated using t
he minimum high 
frequency capacitances and Equation (3.20) the following results are obtai
ned: 
Curve 1 
Curve 2 
Curve 3 
Curve 4 
Curve 5 
Effective Doping Concentration 
4.23 x 1016 cm·3 
4.04 x 1016 cm·3 
3.97 x 1016 cm·3 
3.91 X 1016 cm"'3 
3.90 x 1016 cm·3 
These results indicate that the charge injection process is alt
ering the 
substrate doping in some manner. As a first 
order analysis this links the 
-
injection process to a general decrease in active doping concentrat
ion. Since the 
quasi-static curves are also av ail able it is possibl
e to calculate the electrically 
active doping concentration as a function of sub
strate depletion width for the 
entire charge injection series. After the quasi-static C-V data f
or Curves one 
through five have been corrected for leakage curre
nt and processed as previously 
discussed, the doping profiles of Figure 4-10 resu
lt. From these curves it is 
obvious that the decrease in doping is not a · u
niform effect throughout the 
electrically active substrate region. The general 
decrease in doping from 0.04 
µm to 0.10 µm that reverts to the .original co
ncentration further from the 
interface could have been anticipated from , the 
hydrogen-boron interaction9 
suggested earlier, but the increase in carriers ne
ar the Si-Si02 boundary was 
unexpected. Since this characteristic occurs in i
njected samples · and develops 
with incr~asing injection fluence it seems to be a real feature, 
bu·t should be 
,, 
I '• 
68 -
. ·• ~ ~ ·," . ' ..• _,.., ·- ..• ;_, 
I• 
/ 
\1 1, 
·
., 
4.2.3 DOPING PROFILE M
EASUREM
ENTS O
N CW
2&14 
.
 
·
-
-
-
·=i:I .
.
 
U1 
r
-t • 
"
 E ~ 
~
 
C 0 0 
.,.., 
•
 
I 
.,... 
~ 
I 
I 
I 
l \ 
\ \ 
U
l 
i 
I I i 
f \ 
\ \ 
0 
.
 
I 
I 
I 
•
 
I 
.
.
.
,
 
.
 
.
 
... 
i 
i 
I 
I 
; 
1 
c 
a, 
: 
I 
I 
I 
>
 
I 
I 
Ii 
:
ii/ i 
{3 
5 
..... 
C
\JO
'} 
~
tr, 
/
/
 / 
i 
a
. 
w
 
/ ~ 
j 
~ 
•
 •
 •
 
•
 
•
 
•
 
•
 
,
 
~ 
-,/ ' I ,
 
,
 
•
 
,· 
•
 •
 
,
 
•
 
,
 
' a
 
U> 
.
.
.
.
 
0 .-t 
CD 
.
.
.
.
 
0 
~
 
... 
0 ' I 
(~W
O) 
~lfSU
aO
 6utdoa 
a
 
I 
Figure 4-10: 
D
oping Profiles for Sam
ple CW
2514 
'i 
I 
.
,
 
69~. 
,
·
 
.
 ,. 
~ 1·11 
,,'_\'I .. : .. 
,,,; .! . 'h t 
' 
,,, 
.
.
 
·,, 
·,•
 
~ 
·1 
•
 
•
 
·
 i.·r~.1
1 
:·.1;1,-1 
;./~·\,: 
,_ 
.
.
 : .. _;J 
': .. ~;yl 
,i-}'i 
.''.\.:~· 
,', 
~r . .. , 
·-!: '·, 
4.2.3 DOPING PROFILE MEASUREMENTS ON CW2614 
checked by some other method in the future. 
It should also be noted that: ( 1) the substrate doping of the uninjected 
sample is flat across the entire depletion width, even on a logarithmic scale and 
(2) the maximum depletion width increases most from Curve 1 to Curve 2 and 
then does not change much through Curves 3, 4 and 5 as would be expected 
from the effective doping concentrations cited earlier. 
4.2.4 Interface State Measurements 
The interface state density versus band ' gap energy profiles for the five 
f curves were calculated using the two ideal . C-V comparison methods and the 
J 
combined high-low C-V method dicussed in Section 3.2. The results are shown 
in Figures 4-11, 4-12 and 4-13. The curve set in Figures 4-11 and 4-12 are 
.1,,~· ...... lt ...... 
' 
based· on an ideal C-V calculation which does not take into account non-uniform 
substrate doping, but the third method, which uses only .. experimental data, does 
exclude non-uniform doping effects from the Di,(E) analysis. All three sets of 
data show a 1)it peak in the upper half of the bandgap which increases with 
injected charge, although the Low-Frequency method does produce a differently 
shaped peak than the other two methods. Direct comparisons of the three 
methods are shown in Figures 4-14, 4-15, 4-16, 4-17 and 4-18, for each of the 
five sets of C-V data taken for sample CW2514. The data for Curve 2 in 
Figure 4-15 shows that all three methods produce similar results in the 0.3 to 
0.9 e V range and all have Di, peak~ at approximately 0. 73 e V above the 
valance band edge. The doping profile for Curve 2 is still relatively flat at this 
point in the injection · sequence. As the injection sequence continues through 
Curves 3, 4 and 5 and the doping density is further modified the curves become 
more and more dissimilar. 
; .,· 
Looking at just the Di, peak, it can be seen to 
if 
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4.2.4 INTERFACE STATE MEASUREMENTS 
move to a lower bandgap energy using the High-Low method, which 
compensates for non-uniform doping, while remaining fairly constant for the Low 
Frequency and High Frequency methods which do not . 
It is therefore apparent that the non-uniform doping does have a real and 
significant effect on p-type MOSC samples that have been subjected to a charge 
injection sequence. These doping modifications continue throughout the sequence 
, 
of Avalanche and Fowler-Nordheim injection although this is not obvious from 
the effective doping concentration calculations taken in previous studies. 
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5 SUMMARY AND CONCLUSIONS 
Chapter 5 
Summary and Conclusions 
In this thesis I have attempted to demonstrate that there 
is a quick and 
believable method available to determine the substrate dop
ing density of MOS 
capacitors and that this is necessary when analyzing charge-
injection experiments 
on MOS capacitors. 
The doping profile method of Section 3.3.3, the interface s
tate calculation 
methods of Section 3.2 and the leakage current correction p
rocess have all been 
implemented in the BASIC computer language for use on t
he Apple II personal 
computer. Calculation of Dit(E) and N(w) profiles only takes five or ten 
minutes once the C-V curves have been measured and c
orrected for leakage 
current. 
From the results of Chapter Four it is obvious that non-un
iform doping 
effects cannot be ignored if accurate interface state mea
surements are to be 
made. Since it is relatively easy to get a doping profile fro
m the high-frequency 
and· quasi-static curves this does not seem to be a problem
. The ambiguity in 
the leakage current correction raises some questions conce
rning the exact level 
and shape of doping profiles calculated from distorted C-V 
data, but within the 
range of uncertainty the gross features of the profile do not
 change. When this 
research \\'as initiated I had hoped to check my boron-imp
lanted sample results 
using spreading-resista.nce measurements, but since then the 
available system has 
been shown to be unreliable and results obtained were unsat
isfactory .. 
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